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ABSTRACT 
Metalliding parameters were developed for the sequential deposition of 
Mn + Cr, A1 + Y and Ta t- A1 to NASA/TRW VI-A alloy. Efforts to deposit Cr 
+ Y and Y + Zr by metalliding were unsuccessful. None of the applied systems 
exhibited good ballistic impact resistance. The 2000'~ (1367'~) oxidation 
resistance (dynamic or static) of all metallided systems studied was below 
that of conventional CODEP-type pack aluminide coating on superalloys. 
Surface alloying by metalliding did not even closely appear to synthe- 
nize the structures or chemical distribution of the bulk alloys on which 
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1 . 0  SUMMARY 
Metal l ided s e q u e n t i a l l y  depos i ted  dual-element c o a t i n g  systems were 
i n v e s t i g a t e d  f o r  2000°F (1367OK) ox ida t ion  p r o t e c t i o n  of NASA/TRW VI-A.  
Parameters f o r  s e q u e n t i a l  depos i t i on  of t h e  systems Mn + C r ,  A 1  + Y and 
Ta + A 1  were developed. The systems Y + C r ,  Y + A 1  and Y -I- Z r  were n o t  
s u c c e s s f u l l y  meta l l ided .  Unsuccessful m e t a l l i d i n g  was l a r g e l y  due t o  l o s s  
of Y through r e a c t i o n  wi th  t h e  ba th  during depos i t i on  of t h e  second element.  
A 1  was a l s o  eva lua ted  a s  a  meta l l ided  coa t ing  on NASA/TRW VI-A and a s  a  
CODEP coa t ing  on IN-100. 
The s u c c e s s f u l l y  meta l l ided  coa t ings  were b a l l i s t i c a l l y  impacted f o r  
adherence eva lua t ion  a t  room temperature  and a t  1900°F ( 1 3 1 2 ' ~ ) .  A l l  t h e  
meta l l ided  coa t ings  except,Mn + C r  s p a l l e d  when impacted a t  room temperature .  
None s p a l l e d  a t  e l eva t ed  temperature .  
During 2000°F (1367 '~ )  s t a t i c  ox ida t ion  t e s t s  t h e  Mn + C r  and Ta + A l  
systems f a i l e d  by s p a l l i n g  i n  20 hours.  The A 1  + Y system f a i l e d  a f t e r  
shedding t h e  oxidized Y-rich l a y e r .  However, t h e  A 1  meta l l ided  coa t ing  
showed only small  weight l o s s e s  dur ing  the  200-hour exposure.  
I n  dynamic ox ida t ion  a t  2 0 0 0 ' ~  (1367 '~)  t he  Mn + C r  system a l s o  f a i l e d  
qu ick ly  but  t h e  Ta + A 1  system exh ib i t ed  a  l e s s  d r a s t i c  weight l o s s .  The 
A 1  + Y system behaved a s  i n  t h e  s t a t i c  ox ida t ion  t e s t s .  CODEP aluminized 
coa t ing  on IN-100 was s t a b l e  t o  n e a r l y  600 hours but t hen  f a i l e d  r a p i d l y .  
This  i n v e s t i g a t i o n  d i d  no t  produce meta l l ided  coa t ings  which r e s u l t e d  
i n  an improvement over  p re sen t  N i A l  coa t ing  technology. 
2.0 INTRODUCTION 
There i s  a  cont inu ing  need t o  develop an improved p r o t e c t i o n  system f o r  
nickel-base t u r b i n e  a l l o y s .  The o b j e c t i v e  of t h i s  program was t o  determine 
i f  p r o t e c t i o n  systems o t h e r  t han  convent ional  n i c k e l  aluminide type  could be 
developed by s e q u e n t i a l  m e t a l l i d e  depos i t i on  of e lements  o t h e r  t han ,  o r  i n  
a d d i t i o n  t o ,  aluminum. The a l l o y  chosen a s  t h e  s u b s t r a t e  was NASA/TRW VI-A - 
one of t h e  h ighes t  s t r e n g t h  c a s t  nickel-base a l l o y s  ye t  developed. 
MetaPliding ( a  G.E. development) i s  an e l e c t r o l y t i c  fused  s a l t  process  f o r  
mezal su r f ace  conversion by inward d i f f u s i o n  of a  s u i t a b l e  a d d i t i v e  metal  
t o  achieve a  d e s i r e d  s u r f a c e  proper ty  such a s  ox ida t ion  r e s i s t a n c e .  Five 
coa t ing  systems were i n i t i a l l y  s e l e c t e d  f o r  t h i s  program. 
Systems s e l e c t e d  i n i t i a l l y  were: 
3 ,  U + A 1  ( l a t e r  reversed  i n  o rde r )  
React ive elements ,  s p e c i f i c a l l y  manganese and chromium, were chosen fo r  System 
I on t h e  b a s i s  of work i n d i c a t i n g  t h a t  approximately 1% manganese added t o  
nickel-base a l l o y s  i n h i b i t s  t h e  v o l a t i l i z a t i o n  of Cr03 by forming MnCr204, a  
s t a b l e  oxide s p i n e l .  The a d d i t i o n  of chromium t o  t h e  manganided s u b s t r a t e  
a l l o y  was expected t o  produce a  su r f ace  a l l o y  f avo rab l e  t o  forming t h i s  
s p i n e l .  
For System 2 ,  s t u d i e s  of r a r e - e a r t h  a d d i t i o n s  t o  nickel-chromium a l l o y s  
i n d i c a t e  t h a t  Y can render  t h e  a l l o y  l e s s  s u s c e p t i b l e  t o  ox ida t ion .  If 
NASA/TRW V I - A  were y t t r i d e d  and then  chromided, a  c o a t i n g  was expected con- 
t a i n i n g  Ni and C r  and s t a b i l i z e d  by t h e  presence of Y.  
The b a s i s  f o r  System 3  was t h e  performance of pack o r  s lurry-aluminided 
coa t ings  c u r r e n t l y  used f o r  nickel-base supera l loys .  The p r o t e c t i v e  oxide 
has  been shown t o  be A1203.  However, l e s s  p r o t e c t i v e  N i 3 A 1  i s  slowly formed 
by Al d e p l e t i o n ,  t h u s  al lowing oxide p e n e t r a t i o n  through N i 3 A 1  pa ths .  Addi- 
t i o n  of Y was expected t o  s t a b i l i z e  a  N i A l  c o a t i n g  by t y i n g  up more of t h e  
n i c k e l  an.d, a l s o ,  by forming t h e  more s t a b l e  oxide combination of NiA1204 
plus ~ 1 2 0 ~ .  
Tan ta l i d ing  of NASA/TRW VI-A had no t  been performed a s  of t h e  beginning 
of t h i s  c o n t r a c t .  Due t o  t h e  f a c t  t h a t  NASA/TRW VI-A a l r eady  has  9% 
tantalum p lus  t h e  high concen t r a t i on  of r e f r a c t o r y  e lements ,  high coulombic 
e f f i c i e n c i e s  i n  t h e  t a n t a l i d i n g  were no t  expected,  However, o t h e r  s t u d i e s  
have produced peak concen t r a t i ons  of a s  high a s  70% with a  s t e e p  concen t r a t i on  
g r a d i e n t  between base metal  and coa t ing .  Af t e r  t h e  a p p l i c a t i o n  of t an ta lum,  
aluminiding was expected t o  produce a  well-bonded TaA13 o u t e r  l a y e r ,  which 
could p r o t e c t  t h e  a l l o y  from oxida t ion .  
I t  i s  known t h a t  s t a b i l i z e d  z i r c o n i a  i s  h ighly  ox ida t ion  r e s i s t a n t .  
To apply t he  zirconium t o  t h e  a l l o y ,  t h e  p a r t  was f i r s t  t o  be y t t r i d e d  t o  a 
depth of 2-3 m i l s  and then  z i rconided ,  I t  was a n t i c i p a t e d  t h a t  t h e  y t t r ium 
oxide would s t a b i l i z e  t h e  z i r c o n i a ,  
While t h e  primary m e t a l l i d e s  had been appl ied  t o  many meta l s  and alloys 
o t h e r  than  NASA/TRW VI-A,  l i t t l e  d i f f e r e n c e  was expected o t h e r  than longer  
t imes and lower e f f i c i e n c i e s .  The r e a l  development involved t h e  a p p l i c a t i o n  
of t h e  secondary me ta l l i de  coa t ings  t o  t h e  primary coa t ings .  
A l l  s e q u e n t i a l l y  depos i ted  dual-element systems were s e l e c t e d  wi th  t h e  
i n t e n t i o n  of :  
1. Producing an oxide o t h e r  than A1203 
2. Enriching t h e  s u r f a c e  wi th  A 1  and then  s t a b i l i z i n g  t h e  
subsequent A1203 wi th  an a d d i t i v e  
3 .  B e n e f i c i a l l y  a l l o y i n g  t h e  N i  and s t a b i l i z i n g  i t  wi th  a  
second element 
Me ta l l i d ing  process  parameters f o r  t he se  systems were developed. The 
coa t ings  produced by t h e s e  s e l e c t e d  parameters were eva lua ted  by b a l l i s t i c  
impact and s t a t i c  and dynamic ox ida t ion  a t  2000°F (1367OK). The as-coated 
and t e s t e d  systems were a l s o  analyzed by  metallography and e l e c t r o n  micro- 
probe. 
3.0 TECHNICAL PROGRAM 
3-1 METALLIDING PARAMETER DEVELOPMENT 
3,l.l Meta l l i d ing  Process  
Me ta l l i d ing  i s  a  p r o p r i e t a r y  and patented metal  s u r f a c e  conversion pro- 
c e s s  developed a t  t h e  General E l e c t r i c  Company. The process  i nco rpo ra t e s  
fused s a l t  e l e c t r o l y t i c  methods f o r  t h e  conversion of c e r t a i n  meta l  s u r f a c e s  
t o  o b t a i n  d e s i r a b l e  p rope r t i e s .  Whereas most e l e c t r o l y t i c  and thermal-spray 
coa t ing  procedures superimpose a  meta l  on to  a  s u b s t r a t e ,  t h e  m e t a l l i d i n g  
processes  l i k e  vapor o r  molten meta l  d ipp ing  can form i n t e g r a l l y - d i f f u s e d  
metal  o r  i n t e r m e t a l l i c s  composites upon a  s u b s t r a t e  metal .  Uniformity and 
adherence a r e  genera l  c h a r a c t e r i s t i c s  of me ta l l i ded  coa t ings  which a r e  a l s o  
intended t o  have o t h e r  des ign  f e a t u r e s  such a s  ox ida t ion  and wear r e s i s t a n c e .  
Me ta l l i d ing  i s  accomplished by immersing t h e  s e l e c t e d  m e t a l l i c  s u b s t r a t e  
and m e t a l l i d i n g  meta l  i n  a  very  h igh  p u r i t y  fused s a l t  ba th  composed of 
ewtec t i c  a l k a l i  meta l  f l u o r i d e s  and t h e  f l u o r i d e  of t h e  meta l  t o  be  depos i t ed  
b y  me ta l l i d ing .  The ba th  temperature  needs t o  be h igh  enough t o  promote d i f -  
f u s i o n ,  The m e t a l l i d i n g  metal  i s  a l s o  presen t  a s  an anode which, when elec-  
trically a c t i v a t e d ,  d i s s o l v e s  i n t o  t h e  ba th .  Ions of t h e  meta l  d i s cha rge  a t  
t h e  s u b s t r a t e  metal  cathode. 
The process  a t  a  given EMF i s  s e l f - r e g u l a t i n g  i n  t h a t  t h e  d e p o s i t i o n  
r a t e  equa l s  t h e  d i f f u s i o n  r a t e  of t h e  metal  i n t o  t h e  ca thod ic  s u b s t r a t e .  
The p r i n c i p a l  parameters  i n f luenc ing  depos i t i on  r a t e s  a r e  t h e  ba th  tempera- 
t u r e ,  c u r r e n t  d e n s i t y ,  a c t i v i t y  i n  t h e  b a t h ,  and d i f f u s i o n  a l l o y i n g  r e l a t i o n -  
s h i p  sf t h e  m e t a l l i d e  metal  w i th  t h e  s u b s t r a t e .  
Process  l i m i t a t i o n s  a r e  such t h a t  on ly  s u b s t r a t e  me ta l s  h igher  i n  t h e  
e lec t romot ive  s e r i e s  may be me ta l l i ded  by a  lower meta l .  Furthermore, t h e  
s a l t  ba th  tempera tures  r equ i r ed  f o r  d i f f u s i o n  may produce undes i r ab l e  a l l o y  
proper ty  changes and low mel t ing  e u t e c t i c s  i n  t h e  s u b s t r a t e .  
F igure  1 i l l u s t r a t e s  a  bank of m e t a l l i d i n g  r e a c t i o n  c e l l s .  The ceramic 
t ubes  a r e  acces se s  f o r  t h e  anode and cathode me ta l s ,  pe rmi t t i ng  coo l ing  and 
purging wi th  i n e r t  gas. F igure  2  i s  a  schematic i l l u s t r a t i o n  of t h e  metal- 
liding e l e c t r i c a l  c i r c u i t .  
3,1,2 Specimens - Al loys  
Cast n icke l -base  a l l o y  specimens used i n  t h i s  program c o n s i s t e d  of two 
types :  
Type A - Coupons, 1 x 2  x 0.10 inch  (25.4 x 50.8 x 2.54 mm) 
Type B - Paddles ,  convent iona l  1 x 2  i nch  (25.4 x 50.8 mm) pseudo- 
a i r f o i l s  w i th  stems 
Figure  1. Meta l l i d ing  C e l l s  and F a c i l i t y  Typical  of Those Used f o r  the 
Reported Program. 

The s u b s t r a t e  a l l o y  was c a s t  NASA/TRW V I - A ,  having t h e  nominal composition 
l i s t e d  i n  Table  I. IN-100 Alloy was a l s o  t h e  s u b s t r a t e  f o r  a comparative 
c o a t i n g  system. 
- 
Table I. S u b s t r a t e  Alloy Nominal Composition - w/o. 
Ma te r i a l  NASA/TRW V I- A IN- 100 
3.1.3 Mn + Cr, System 1 
Manganiding t h e  NASA/TRW V I - A  a l l o y  c o n s i s t e n t l y  r e s u l t e d  i n  high cou- 
lombic e f f i c i e n c y .  That i s ,  t h e  ENIF p o t e n t i a l  between t h e  Mn and s u b s t r a t e  
was s u f f i c i e n t l y  high t o  enable  r e l a t i v e l y  rap id  depos i t i on  r a t e s .  F igure  3 
i l l u s t r a t e s  t h e  manganided l aye r .  Note t h e  presence of f i n e  c racks .  
S u i t a b l e  chromiding requi red  cons iderab le  experimentat ion.  Examination 
of t h e  mic ros t ruc tu re s  a f t e r  chromiding revea led  voids  i n  t h e  Mn-rich l a y e r  
and t h e  d i f f u s i o n  zone between t h e  Mn and C r  l a y e r s ,  a s  shown i n  F igure  4, 
The specimens were t hen  given a hea t  t rea tment  a t  2200°F (1478OK) f o r  1 hour 
i n  vacuum. D i f fu s ion  broadened t h e  genera l  coa t ing  l a y e r ,  and some a d d i t i o n a l  
vo ids  appeared i n  t h e  outward Cr-rich l aye r .  No voids  were v i s i b l e  i n  t h e  
newly-formed innermost d i f f u s i o n  zone. 
While manganiding a t  1 8 0 0 ° ~  (125g°K) r e s u l t e d  i n  subsequent chromiding 
wi th  h igher  Cr than  planned (10 t o  25%), i t  represen ted  t h e  most r epea t ab l e  
process  cond i t i ons  and t h e  on ly  one t o  r e s u l t  i n  a smooth chromium l a y e r  
a f t e r  chromiding. The recommended manganiding/chromiding parameters a r e  
given i n  Table  11, and a microphotograph of t h e  recommended coa t ing  i s  
presented i n  F igu re  4. 
Figure 3 .  Manganided Sur face  of NASA/TRW VI-A Alloy As-Processed (Neg. 
B 7555, Mount A 7771, 500X, TRW Etch*) .  
*Etchant f o r  NASA/TRW VI-A Alloy 
160 m l  H3m4 
5 m l  H2S04 
30 m l  CH3COOH 
50 ml H20 
E l e c t r o l y t i c ,  5v 
Figure  4 .  Manganided/Chromided System As-Processed (Neg. B 10322, Mount 
A 11107, 500X, TRW E tch ) .  
Table  II. Se lec t ed  Parameters  f o r  Manganiding/Chromiding. 
I Manganide 1800 (1258) 
2 Chromide 1900 (1310) 
3 Vacuum T r e a t  2200 (1478) 
Formation of t h e  Mn + C r  systems was slower than  encountered i n  o t h e r  
known m e t a l l i d i n g  processes  because of slower d i f f u s i o n  of t h e  c o a t i n g  ele- 
ments i n t o  t h e  NASA/TRW VI-A s u b s t r a t e .  While t h e  manganiding e f f i c i e n c y  
( a c t u a l  weight ga in /ca lcu la ted  weight ga in)  was gene ra l l y  e x c e l l e n t  (95-loo%), 
t h e  subsequent chromiding e f f i c i e n c y  was low. The long m e t a l l i d i n g  t i m e  
required f o r  C r  allowed s i g n i f i c a n t  l o s s  of Mn by d i s s o l u t i o n ,  r e s u l t i n g  
i n  low r e s i d u a l  concen t r a t i on  i n  t h e  coa t ing .  Furthermore, contaminat ion 
of t h e  ckromiding s a l t  by Mn f u r t h e r  hampered i t s  e f f i c i e n c y .  Mn d i s so lved  
i n t o  t h e  ba th  because i t s  a f f i n i t y  f o r  t h e  f l u o r i d e  i on  was h igher  t han  
t h a t  of C r .  F igure  5 i s  a microprobe a n a l y s i s  of t h e  system showing t h e  
l o w  r e s i d u a l  Mn and a peak of 45% C r  i n  t h e  o u t e r  1 - m i l  l a y e r .  
3-1-4 Y + Cr, System 2 
Attempts t o  form t h i s  me ta l l i ded  system were unsuccess fu l  due t o  t h e  
d i f f i c u l t y  i n  r e t a i n i n g  y t t r i um a t  t h e  a l l o y  su r f ace .  Three l i m i t i n g  f a c t o r s  
encountered i n  y t t r i d i n g  were: 
k .  Y app l i ed  d i r e c t l y  and r a p i d l y  t o  t h e  s u b s t r a t e  formed a low- 
mel t ing  Y-Ni  e u t e c t i c .  
2, Slow depos i t i on  r a t e s  allowed t h e  Y anode t o  d i s s o l v e  i n  t h e  ba th  
and a l t e r  t h e  l i t h i u m  f l u o r i d e  s a l t  b a t h  composition. 
3, Oxida t ion  of t h e  Y anode i n  impure cover gas  r e s u l t e d  i n  r ap id  
d i s s o l u t i o n  of Y203 i n t o  t h e  b a t h  and displacement of L i  ou t  of 
t h e  b a t h  a s  a vapor. 
The upper l i m i t s  of t h e  t ime-and-current-density parameters  were de t e r -  
mined by t h e  formation of t h e  Y-Ni  e u t e c t i c ,  which me l t s  a t  1475OF (107Z°K). 
F igure  6 i l l u s t r a t e s  a mic ros t ruc tu re  of t h e  b r i t t l e  y t t r i d e d  s u b s t r a t e .  
Subsequent chromiding was l a r g e l y  unsuccess fu l  because of t h e  slow 
r a t e  of Cr depos i t i on .  During chromiding, t h e  Y would d i s so lve .  Microprobe 
scanning of s i x  specimens revea led  no s i g n i f i c a n t  Y a f t e r  chromiding. 
The oxygen contaminat ion problem was even tua l ly  e l imina ted  by passing 
the argon cover  gas  through T i  c h i p s  a t  600°C ( 8 7 3 ' ~ )  and wrapping t h e  Y 
anode i n  pe r fo ra t ed  Ta f o i l .  
"Intensity Ratio Bases 
Ni - NASAITRW VI-A alloy 
Cr - NASAITRW VI-A alloy 
Mn - pure metal 
Distance from Surface, Mils (mm) 
Figure 5. Microanalysis of Metallided Mn + Cr System on NASA/TRW VI-A. 
Figure 6 .  U t t r i ded  Surface of NASA/TRW VI-A Alloy As-Processed (Neg. B 7876, 
Mount A 8048, 500X, Unetched) . 
I n  another  a t tempt  t o  produce t h e  d e s i r e d  Y-s tab i l ized  N i - C r  system, t h e  
C r  was app l i ed  f i r s t ;  bu t ,  subsequent y t t r i d i n g  was i n e f f e c t i v e  because of 
t h e  extremely low r a t e  of Y d i f f u s i o n  i n  C r  a t  t h e  ba th  temperature  range 
used. Consequently, t h e  Y-Cr system was d i scarded .  
3.1.5 A 1  + Y ,  System 3  
T h i s  system was o r i g i n a l l y  proposed a s  Y + Al ;  however, t h e  preceding 
work wi th  System 2 showed t h a t  Y appl ied  f i r s t  would subsequent ly  r e d i s s o l v e ,  
t hus  t h e  o rde r  of m e t a l l i d i n g  was reversed.  Depos i t ion  of A 1  on t h e  a l l o y  
was accomplished wi th  r e l a t i v e  ea se ,  a t  100% coulombic e f f i c i e n c y  and i n  
s h o r t  t imes. The most uniform aluminided coa t ings  were produced w i t h  t h e  
h ighes t  c u r r e n t  d e n s i t i e s  i nves t i ga t ed .  
Y t t r i d i n g  of t h e  aluminided specimens was performed us ing  t h e  oxygen- 
removal t echniques  developed f o r  t h e  Y + Cr system. Deposi t ion r a t e s  were 
r a p i d ,  but  e f f i c i e n c y  was gene ra l l y  on ly  20-30%. Table  I11 l ists  t h e  
s e l e c t e d  development parameters.  
Table  111. Se lec t ed  Parameters f o r  Aluminiding/Yttriding. 
F igure  7  i l l u s t r a t e s  t h e  mic ros t ruc tu re  of an as-coated specimen pro- 
duced by t h e  s e l e c t e d  parameters.  
F igu re  8 i s  an e l e c t r o n  microprobe t r a c e  of t h e  specimen. I t  shows t h e  
t h i c k e r  grey band of t h e  mic ros t ruc tu re  t o  be t h e  primary d i f f u s i o n  l a y e r  of 
A 1  i n t o  t h e  a l l o y .  The t h i n  ou t e r  l a y e r  con ta in s  p r i n c i p a l l y  A 1  and Y w i th  
N i  d imin ish ing  from 45% t o  zero. No more than  50-60% Y was de t ec t ed  and 
only  i n  t h e  o u t e r  1 /2  m i l  (0.0127 mm). 
3.1.6 Ta + A l ,  System 4 
I n i t i a l  a t t empt s  t o  t a n t a l i d e  produced very  t h i n  c o a t i n g s ,  even us ing  
parameters which involved very  long process ing  time a t  low c u r r e n t  d e n s i t y ,  
The t a n t a l i d i n g  gene ra l l y  produced i n c o n s i s t e n t  r e s u l t s .  Oxygen contamina- 
t i o n  of t h e  ba th  appeared t o  be  a  s i g n i f i c a n t  f a c t o r .  Coating e f f i c i e n c i e s  
were moderately low and adherence was a l s o  a  problem. Using an e f f e c t i v e  
g e t t e r i n g  technique,  a  s e r i e s  of specimens was even tua l ly  t a n t a l i d e d  wi th  
t hose  cond i t i ons  and then  aluminided. 
Figure 7. Aluminided/Yttrided System As-Processed (Neg. B 11341, 250X, 
Unetched). 
"Intens i ty  Ratio. Bases Distance from Surface, Mils (mm) 
N i  - NASAITRW VI-A a l loy  
Y - pure metal 
A 1  - pure metal and NASA/ 
TRW VI-A a l loy  
Figure 8. Microprobe Analysis of A 1  4- Y Meta l l ide  System on NASA/TRW V I - A .  
Poor adherence occurred between t h e  A 1  and Ta l a y e r s ,  and only  t h r e e  of 
six development parameter s e t s  were useable .  F igure  9 shows a  t y p i c a l  micro- 
s t r u c t u r e .  Microprobe t r a c e s  of t h e  p r i n c i p a l  e lements  i n  t h i s  specimen a r e  
shown i n  F igure  10. The o u t e r  i r r e g u l a r  l i g h t  phase i s  shown t o  con ta in  A 1  
and Ta, The sublayer  of i r r e g u l a r  grey phase i s  high i n  Ta. The d i f f u s i o n  
zone r e v e a l s  g r a d i e n t s  of N i ,  Ta,  and A 1  t o  base-metal composition l e v e l s .  
The  s e l e c t e d  parameters f o r  Ta + A 1  m e t a l l i d i n g  a r e  a s  fol lows:  
Table  I V .  Se l ec t ed  Parameters  f o r  Tantaliding/Aluminiding. 
*Mol % i n  LiF 
J , B , 7  Z r  + Y ,  System 5 
T h e  o rde r  of m e t a l l i d i n g  t h e s e  elements  was reversed  from t h e  o r i g i n a l  
p l a n ,  a s  i n  t h e  o t h e r  Y-containing systems, so  t h a t  t h e  l e s s e r - a c t i v i t y  
element was app l i ed  f i r s t .  Z i rconid ing  was succes s fu l  on ly  when g e t t e r i n g  
techniques  were used, a s  descr ibed  i n  Sec t ion  3.1.4. Table  V c o n t a i n s  t h e  
parameters developed. 
Attempts t o  apply Y r e s u l t e d  i n  e u t e c t i c  mel t ing  of t h e  N i - Z r - Y  system. 
Low c u r r e n t  d e n s i t i e s  were t r i e d ,  without  success ,  i n  l i m i t i n g  t h e  Y concen- 
tration, Samples came out  of t h e  ba th  w i th  wrinkled s u r f a c e  appearance in- 
dicating t h a t  mel t ing  could no t  be  avoided. Thus, t h i s  system was d i s -  
continued. 
Table  W, M e t a l l i d i n g  Parameters  f o r  Development Specimens f o r  t h e  Zi rconide  
System. 
Figure 9. Tantalide/Aluminide System on NASA/TRW VI-A (Neg. B 11121, 50OZZ, 
TRW Etch) 
Diffusion Zone 
"Intensity Ratio Bases 
Distance from Surface, Mils (mm) 
Ni - NASA/TRW VI-A alloy 
Ta - NASA/TRW VI-A alloy 
A 1  - NASA/TRW VI-A alloy 
and pure metal 
Figure 10. Microprobe Trace of Ta -k A1 Metallide System on NASA/TRW VI-A. 
3.1.8 A l ,  System 6  
Aluminiding a s  a  single-element m e t a l l i d i n g  system was added t o  the 
program a s  a  s u b s t i t u t e  f o r  t h e  unsuccessful  Z r  + Y and Y + C r  systems. 
Th i s  system was intended t o  provide a  N i - A 1  system obtained by m e t a l l i d i n g  
t h e  A 1  f o r  comparison wi th  General E l e c t r i c ' s  OODEP pack-process N i - A 1  coa t ing  
on IN-  100. 
System 6  parameters were t h e  same a s  descr ibed  f o r  primary aluminiding 
i n  System 3 .  
3.2 METALLIDING OF TEST SPECIMENS 
A summary of m e t a l l i d i n g  weight ga in  d a t a  f o r  t h e  p repa ra t i on  of 
System 1 ox ida t ion  t e s t  specimens i s  contained i n  Table  V I .  A l l  but  two 
specimens were processed through t h e  pos tcoa t ing  hea t  t rea tment  of 1 hour 
a t  2200°F (1478O~) i n  vacuum. 
Contamination of t h e  chromiding ba th  by d i s s o l u t i o n  of Mn r e s u l t e d  i n  
decreas ing  chromiding e f f i c i e n c y  wi th  each success ive  specimen. To a l l e v i a t e  
t h e  chromide ba th  contaminat ion,  t h e  Mn was removed a f t e r  each chromide r u n  
by p l a t i n g  out  t h e  d i sso lved  Mn on a  Cu screen ,  beginning wi th  Panel Specimen 
126-2 and Paddle  Specimen 130-2. Weight ga ins  f o r  C r  a p p l i c a t i o n s  were 
based on t h e  o r i g i n a l  manganided weight. S ince  Mn i s  c o n t i n u a l l y  lost 
dur ing  chromiding, t h e  Cr weight ga in  i s  i n  r e a l i t y  h igher  than  it appears  
t o  be. Microprobe a n a l y s i s  confirmed t h e  l o s s  of Mn. Where t h e  specimens 
contained about 40% Mn i n  t h e  a d d i t i v e  l a y e r  before  chromiding, t h e  Mn was 
dep le t ed  t o  on ly  1 t o  10% a f t e r  chromiding. Th i s  was prev ious ly  shown i n  
F igu re  3. Loss of Mn would be expected dur ing  t h e  longtime chromiding, 
which requi red  low c u r r e n t  d e n s i t i e s  and low-driving fo rce .  Bath contami- 
na t ion ,  of course ,  aggravated t h e  condi t ion .  
A summary of m e t a l l i d i n g  weight ga ins  f o r  t h e  p repa ra t i on  of A 1  + Y 
ox ida t ion  t e s t  specimens i s  contained i n  Table  V I I .  Aluminiding was v e r y  
c o n s i s t e n t  f o r  a l l  twelve specimens processed;  however, y t t r i d i n g  of t h e  
i n i t i a l  specimens of each type  ( p r e f i x e s  103 and 125) was unsuccess fu l  due  
t o  oxygen contamination from impure argon cover  gas.  A g e t t e r i n g  system 
co r r ec t ed  t h e  s i t u a t i o n ,  and pref ixed  174, 175, and 180 pane ls  and paddles 
were prepared f o r  ox ida t ion  tests. 
A summary of t h e  m e t a l l i d i n g  weight ga ins  f o r  Ta + A 1  ox ida t ion  t e s t  
specimens i s  contained i n  Table  V I I I .  The processing was gene ra l l y  con- 
s i s t e n t  and was on ly  hampered by co r ros ion  f a i l u r e  of t h e  t a n t a l i d i n g  c e l l  
du r ing  i n i t i a l  runs.  Specimens pref ixed  152 and 163 were prepared with a 
new cel l .  
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Weight gain da ta  f o r  t h i s  single-element meta l l id ing,  subs t i tu ted  f o r  
t h e  unsuccessful Z r  + Y system, a r e  contained i n  Table IX.  Aluminiding was 
cons i s t en t  and without processing problems. Four specimens prefixed 136 
were evaluated i n  s t a t i c  oxidat ion.  
3.3 BALLISTIC IMPACT TESTING 
Adherence of the  metal l ided coat ings  was evaluated by b a l l i s t i c  impact 
using a modified a i r  r i f l e  propel l ing  an a l l o y  s t e e l  b a l l  0.175 inch (4.445 m) 
i n  diameter and weighing 0.355 gm, a t  a ve loc i ty  of 500 f t / s e c  (152 m/se@), 
The b a l l  ve loc i ty  was monitored by photoelec t r ic  timers. Charging of t h e  
gun was by bo t t l ed  compressed ni trogen.  Specimens were t e s t e d  a t  room tern- 
pera ture  and were induction heated f o r  impacting a t  1900°F (l31O0K). 
The Mn + C r  specimens were the  only ones t h a t  d id  not exh ib i t  damage 
a f t e r  e i t h e r  room temperature o r  elevated temperature impacting. A l l  the  
o the r  coated specimens were cracked and spal led  on t h e  c r a t e r  s ide  from t h e  
room temperature impacting. No system exhibi ted v i s i b l e  macroscopic t e n s i l e -  
s i d e  damage u n t i l  during the  oxidat ion t e s t s .  The A 1  + Y specimen then 
developed severe t ens i l e - s ide  oxidat ion,  and metallography revealed cracks 
i n  t h e  other systems. 
Test ing  a t  e levated  temperature improved t h e  impact r e s i s t a n c e  of a11 
systems, No cracking o r  s p a l l i n g  was v i s i b l e  on a macroscopic bas i s ,  In- 
creased d u c t i l i t y  was evidenced by t h e  l a r g e r  c r a t e r  diameters occurring 
i n  each heated specimen. There was no s i g n i f i c a n t  influence of t h e  coat ings ,  
s ince  a l l  specimens ( including the  uncoated ones) exhibi ted  c r a t e r s  of 
genera l ly  equal diameter,  except a s  influenced by temperature. 
3.4 STATIC OXIDATION TESTING 
3.4.1 Thermal Cycle Schedule 
Table X i temizes t h e  specimen preparat ion and f i n a l  weight change 
r e s u l t s  f o r  t h e  s t a t i c  oxidat ion specimens. The s t a t i c  oxidat ion  specimens 
were subjected t o  t h e  following thermal cycle and weighing schedule: 
1. One thermal cycle  t o  2 0 0 0 ° ~  ( 1 3 6 T 0 ~ ) ,  holding two hours a t  tem- 
pera ture ,  then a 5-minute quench t o  room temperature f o r  weighing. 
This  was repeated twelve times t o  accumulate t h e  f i r s t  24 hours 
of time a t  temperature and weight change d a t a ,  followed by: 
2. Three thermal cycles  t o  2000°F (136T°K), holding two hours a t  tem- 
pera ture  with intermediate 5-minute quenching t o  room temperature; 
then,  a f i n a l  hold of 16 hours a t  2000°F (1367OK) and a 5-minute 
quench t o  room temperature f o r  weighing. This  p a t t e r n  was repeated 
8 times t o  accumulate t h e  remaining 176 hours of time a t  temperature 
and weight change data .  
T a b l e  PX. Metalliding Weight Gains of Aluminided Oxidation Test Specimens. 
Type A. 
Coupons 
Table  X. 2000°F (1367 '~ )  S t a t i c  Oxidat ion T e s t  Resu l t s .  
System 
I) Mn + C r  
M e t a l l i d i n g  
Specimen Nos. 
1 
Room Temperature 1 - 8.6 1 






During t h e  200 hours  of exposure,  each specimen was subjec ted  t o  a  maximum 
of 44 thermal c y c l e s ,  and 20 weighings. Weight change d a t a  c h a r a c t e r i s t i c a l l y  
i nd i ca t ed  t h e  i n i t i a l  weight g a i n s  from adherent  ox ides ,  followed by l o s s e s  
due t o  spa l l ing- .  The weight change d a t a  a r e  p l o t t e d  i n  F i g u r e  11, a s  averages  
f o r  the  specimens a s  l i s t e d  i n  Table  X. 
Coating System 1 oxid ized  and spa l l ed  r a p i d l y .  Specimens exh ib i t ed  
weight l o s s e s  a f t e r  t h e  second thermal  c y c l e  and cont inued a  sha rp  d e c l i n e  
throughout t h e  remaining exposure. T e s t i n g  was cont inued f o r  158 hours  t o  
determine whether a  r e s i s t a n t  phase might develop and s t a b i l i z e  t h e  system. 
None was ev ident  when t h e  test  was terminated.  
F igu re  12 i l l u s t r a t e s  t h e  s u r f a c e  appearance of t h e  specimen wi th  
s p a l l i n g  c l e a r l y  v i s i b l e .  F igu re  1 3  shows a  meta l lographic  s e c t i o n  of t h e  
impact a r e a s  of t h e  1900°F (1310°K) specimen. Loss of c o a t i n g  i s  ev ident  
not  on ly  a s  a  s p a l l e d  patch on t h e  impact s i d e ,  but  a l s o  l o s s  of c o a t i n g  
i s  complete on t h e  oppos i t e  sur face .  Furthermore, i n t e r g r a n u l a r  ox ida t ion  
i s  ev ident ,  
F igu re  14  i s  a  photomicrograph showing an  a r e a  of t h e  specimen wi th  t h e  
primary d i f f u s i o n  l a y e r  separa ted  from t h e  s u b s t r a t e .  The appearance r e f l e c t s  
the  gross  weight l o s s  i n d i c a t i v e  of s p a l l i n g  which was shown i n  F igu re  12. 
The c o a t i n g  s p a l l e d  a long  t h e  o r i g i n a l  boundary of t h e  me ta l l i ded  d i f f u s i o n  
zone, Th i s  boundary appeared a s  a  dark band i n  t h e  as-coated s t r u c t u r e  
shown i n  F igu re  4. 
F igure  15 shows t h e  e l e c t r o n  microprobe back s c a t t e r  (EBS) and i n d i v i d u a l  
scans  of t h e  me ta l l i ded  and p r i n c i p a l  b a s e m e t a l  elements.  They show a  very  
low r e s i d u a l  concen t r a t i on  of Mn i n  t h e  s p a l l e d  l a y e r ;  t h e  very  h igh  con- 
c e n t r a t i o n  of C r  i n d i c a t e s  t h e  oxide l a y e r  and i n c l u s i o n s  t o  be mainly 
chromium oxide. Microprobe t r a c e s  of t h e  Mn and Cr confirm l e s s  t han  1% 
Mn and a peak of 50% C r ,  a s  i l l u s t r a t e d  i n  F igu re  16. 
The p r i n c i p a l  elements of t h e  NASA/TRW VI-A a l l o y  a r e  g e n e r a l l y  shown 
t o  be uniformly p re sen t  i n  t h e  s p a l l e d  l a y e r  a t  about t h e  same i n t e n s i t y  
a s  i n  t h e  s u b s t r a t e ,  except f o r  t h e  a r e a  of h igh  Cr conten t .  The t r a c e  of 
M i  shows t h e  expected s u b s t r a t e  concen t r a t i on  of  62% and i n d i c a t e s  Ni-lean 
a r e a s  i n  t h e  s u r f a c e  coa t ing  l aye r .  A Ta-r ich phase is  shown i n  t h e  s p a l l e d  
l a y e r ,  pos s ib ly  TaCr2. The presence of T i c  i s  a l s o  a  p o s s i b i l i t y  i nd i ca t ed  
by T i - r i ch  phases i n  t h e  d i f f u s i o n  zone. 
A l  i s  shown i n  h igh  concen t r a t i on  a t  t h e  spa11 l i n e  and a s  s p o t t y  in- 
c l u s i o n s  w i th in  t h e  s u b s t r a t e .  Th i s  i s  a t t r i b u t a b l e  t o  o x i d a t i o n  e f f e c t s  
on t h e  exposed s u b s t r a t e  a f t e r  t h e  o u t e r  c o a t i n g  l a y e r  spa l l ed .  
Coat ing System 3 was g e n e r a l l y  p r o t e c t i v e ,  l a r g e l y  due t o  t h e  aluminided 
c o a t i n g  l aye r .  Af t e r  an i n i t i a l  ga in ,  t h e r e  was l i t t l e  change f o r  t h e  f i r s t  

Figure 1 2 .  Appearance of Manganide/Chromide System A f t e r  158 Hours S t a t i c  
Oxidat i on  a t  200Q°F (136T°K) (C70052709, 10X). 
A .  Impacted Sur face  
B. Surf ace  Opposi te  Impact 
F igure  13. 1900°F (1310°K) B a l l i s t i c  Impact S i t e  on Mn + 
C r  Me ta l l i de  System A f t e r  200 Hours S t a t i c  Ox- 
i d a t i o n  a t  2000°F (1367OK). I n t e r g r a n u l a r  Ox- 
i d a t i o n  May be Seen on t h e  Sur face  Opposi te  
Impact (F 6007, F 6008, 50X). 
Figure 14.  Mn + C r  Me ta l l i de  System A f t e r  152 Hours S t a t i c  Oxidation a t  
2000°F (1367'K) (F 6003, 500X, Unetched). 


" I n t e n s i t y  R a t i o  Bases Dis tance  from Surface ,  M i l s  (mm) 
N i  - NASA/TRN VI-A a l l o y  
Cr - NASA~TRI? VI-A a l l o y  
Bln - pure a l l o y  
F i g u r e  1 6 .  Microprobe Traces of Mn + C r  Metallid& S y s t e m  on NASA/TRW VI-A 
After 158 Hours Static Oxidatkon at 2000°F (1367°K) (E 4696) .  
100 hours  of t e s t i n g ,  a s  shoxvn by  t h e  weight change d a t a  i n  F igure  11, Then 
a  very l im i t ed  gradual  weight l o s s  occur red ,  a long  wi th  a corresponding c o l o r  
change from gray do of f -whi te ,  F igure  17 i l l u s t r a t e s  t h e  genera l  s u r f a c e  
appearance. During t h e  200-hour exposure,  t h e  oppos i t e  su r f ace  of t h e  bal-  
l i s t i c  impact impressions developed s i t e s  of s eve re  ox ida t ion .  Gross spal- 
l i n g  i s  e v i d e n t ;  however, t h e  adherence of t h e  surrounding coa t ing  i s  appa- 
r e n t  a l s o .  F igure  18  i l l u s t r a t e s  t h e  microscopic appearance of  t h e  impact 
impression and oppos i t e  s u r f a c e  of t h e  1900°F (1310 '~ )  impacted specimen. 
While no t  a s  s eve re ly  a f f e c t e d  a s  t h e  room temperature  impacted specimen, 
it a l s o  revea led  s p a l l i n g  on t h e  back s i d e  a s  exposure progressed. The 
coa t ing  l a y e r  i s  seen i n  F igu re  18  t o  be 4 t o  5  m i l s  (0.1016 - 1.270 mm) 
t h i c k ,  and t h e  i n t e r d i f f u s i o n  zone i n t o  t h e  s u b s t r a t e  is  about 2-3 m i l s  
(0.0508 - 0.0762 mm) t h i ck .  The c o a t i n g  was dense  and w e l l  bounded ( u n l i k e  
t h e  Mn + C r  system) wi th  no g ros s  i n t e r n a l  a t t a c k ,  except a s  p rev ious ly  
noted f o r  t h e  impact s i t e s ,  and a  few cracks .  
I n i t i a l l y ,  t h e  A1-Y l a y e r  was v i s i b l e  a s  a  l igh t -co lored  m a t e r i a l .  Th i s  
was consumed by o x i d a t i o n  i n  t h e  f i r s t  100 hours.  The remaining c o a t i n g  was 
mainly aluminide,  and i t  oxidized g radua l ly  by s u r f a c e  a t t a c k .  F igu re  19 
i l l u s t r a t e s  t h e  appearance and shows t h e  s u p e r f i c i a l  oxide s c a l e  w i th  no 
evidence of g ros s  i n t e r n a l  a t t a c k  o r  s t r i n g e r  pene t r a t i on .  The coa t ing ,  
however, contained many f i n e  but  deep c racks  such a s  i s  i l l u s t r a t e d .  Only 
a  few were oxid ized ,  i n d i c a t i n g  they o r i g i n a t e d  i n t e r n a l l y  and had n o t  been 
exposed t o  t h e  ox id i z ing  environment. Propagat ion and i n i t i a t i o n  of such 
nonoxidized c r acks  may a l s o  have been t h e  r e s u l t s  of s t r e s s e s  induced o r  
r e s i d u a l  r e s t r a i n t  r e l i e v e d  dur ing  cu tof f  and meta l lographic  prepara t ion .  
However, t h e i r  presence i n d i c a t e s  a  s i t u a t i o n  p o t e n t i a l l y  not  d e s i r a b l e  i n  
a  gas  t u r b i n e  engine. 
E l ec t ron  microprobe photographs,  F igure  20, r evea l  t h e  concen t r a t i on  of 
A1 i n  t h e  t h i n  s u r f a c e  oxide l a y e r  and throughout t h e  meta l l ided  zone and 
d i f f u s i o n  zone. Y was no t  d e t e c t a b l e .  N i ,  Co, and C r  appear uniformly d i s -  
t r i b u t e d  throughout both zones except f o r  a r e a s  void of N i  i n  t h e  d i f f u s i o n  
zone. Microprobe t r a c e s  i n  F igure  21 confirm t h e  d i s t r i b u t i o n  of N i  a t  
60-65% on e i t h e r  s i d e  of an a r e a  t h a t  has  N i  minimums t o  20-40%. A 1  i s  
shown t o  be p re sen t  i n  t h e  primary l a y e r  a t  12%, dec reas ing  t o  5-6% i n  t h e  
s u b s t r a t e .  Y was not  de t ec t ed .  
The N i  d e p l e t i o n  is  a t t r i b u t a b l e  t o  t h e  presence of Ta-, W-,  and T i - r i c h  
phases i n  t h e  d i f f u s i o n  zone, probably s o l i d  s o l u t i o n s  of Ta-W and Ta-Ti. 
These a r e  apparent  i n  t h e  e l e c t r o n  photographs. The Ta-r ich phase d i s t r i -  
bu t ion  i s  p a r t i c u l a r l y  ev ident  i n  t h e  d i f f u s i o n  zone, bu t  i s  a l s o  p re sen t  
i n  t h e  primary d i f f u s i o n  l a y e r  and a s  a  t h i n  s u r f a c e  l aye r .  
System 4 specimens f a i l e d  r a p i d l y  due t o  s p a l l i n g  w i t h i n  20 hours  of ex- 
posure a s  i nd i ca t ed  by t h e  weight l o s s  d a t a  i n  F igure  ll, F i g u r e  22 i l l u s -  
t r a t e s  t h e  t y p i c a l  srarfaee appearance wi th  s p a l l i n g  ev iden t ,  F igure  23 il- 
l u s t r a t e s  s p a l l i n g  and coa t ing  d e k r s i o a t i o n  a t  t h e  irnpact s i t e s ,  F igu re  24 
i s  t h e  t y p i c a l  meta l lographie  appearance showing s p a l l i n g  and oxide pene t r a t i on ,  
Figure  1 7 .  Sur face  Appearance of t h e  Aluminide/Yttride System A f t e r  200 Hours 
S t a t i c  Oxidation a t  2000°F (1367OK) (C70052714, 10X). 
Figtlre 18. B a l L i t F r ,  Impact S i t e s  1900°F (1310°K) Impact on A 1  c V Meta11i.de 
Sys tem A f t e r  200 Hours S t a t i c  Oxidation at 2000'~ ( 1 3 6 7 ~ ~ )  (F 6009, 
F 6910, 5 0 X ) .  
Figu re  19.  A 1  + Y Meta l l ided  System on NASA/TRW VI-A Af ter  200 Hours S t a t i c  









































































































































































Coating Zone Coating Zone 
Distance from Surface, biils (mm) 
"Intensity Ratio Bases 
Ni - NASA/TRW VI-A alloy 
Y - pure metal 
A1 - pure metal and NASA/ 
TRN VI-A alloy 
F i g u r e  21 .  Microprobe Traces of A1 + Y Metallide System After 200 Hours 
S t a t i c  O x i d a t i o n  a t  2000°F (1367°K) (F 47001, 
F i g u r e  22.  Na tura l  S u r f a c e  S p a l l i n g  of the Tantal ide/Aluminide System A f t e r  
200 Hours S t a t i c  Oxida t ion  a t  2000°F (1367OK) (C70052710, I O X ) .  
B ,  Sur face  O p p o s i t e  Impact  
Figure 23. Macroscopic Appearance of Ballistic Irnpaet Sites on Ta -i- Al 
Metalbided Systern After 200 Hours at 2000°F (1367"~) 
(670052719, C40052720, I O X ) .  
Figure  24. Mic ros t ruc tu re  of Ta + A l  Me ta l l i de  System on NASA/TRW V I - A  
A f t e r  200 Hours S t a t i c  Oxidat ion a t  2000°F (1367OK) (F 6004, 
500X, Unetched). 
The EDS photomicrographs i n  F i g u r e  25 show residual amounts of t h e  
primary coa t ing  elements ,  Th i s  system d i f f e r e d  i n  t h a t  t h e r e  was no appa- 
r e n t  i n t e r d i f f u s i o n  l a y e r ,  The oxide was A 1 2 0 3 ,  and tlie primary d i f f u s i o n  
zone contained Ta-r ich phases,  The prinlary zone a l s o  was enriched wi th  W 
and con ta in s  T i  phases,  The matching d i s t r i b u t i o n  of t h e s e  s o l i d  s o l u t i o n  
phases was not  ev ident ,  Mo-rich phases extend from t h e  s u b s t r a t e  i n t o  t h e  
o u t e r  l a y e r .  The d i s t r i b u t i o n  of N i  and t h e  meta l l ided  elements  i n  t h e  EBS 
scans  i s  confirmed by t h e  microprobe t r a c e s  shown i n  F igu re  26. Ta peaks 
i n d i c a t e  very  r i c h  concen t r a t i ons  i n  t h e  primary d i f f u s e d  coa t ing  l a y e r ,  
whereas t h e  A 1  i s  e s s e n t i a l l y  a t  s u b s t r a t e  concen t r a t i on  l e v e l s  of 5-7% 
except f o r  su r f ace  enrichment t o  a  peak of about 50%. N i  i s  l ean  a t  t h e  
su r f ace ,  bu t  i t s  presence increased  sha rp ly  t o  i r r e g u l a r  concen t r a t i ons  
between 40 and 62% and then leve led  ou t  a t  t h e  s u b s t r a t e  concen t r a t i on  of 
about 62%. 
The aluminided coa t ing  specimens were e s s e n t i a l l y  s i m i l a r  i n  appearance 
t o  t hose  of t h e  A 1  + Y system. These specimens exh ib i t ed  t h e  on ly  s t a b l e  
performance of t h e  meta l l ided  systems t e s t e d  i n  s t a t i c  ox ida t ion .  A s  was 
shown i n  F igure  11, they  underwent a  very  small  i n i t i a l  weight ga in  and 
v i r t u a l l y  no f u r t h e r  weight change throughout t h e  200-hour exposure. The 
su r f ace  appearance is  shown i n  F igure  27. 
F igu re  28 i s  a  t y p i c a l  mic ros t ruc tu re  of t h e  aluminided c o a t i n g  a f t e r  
t e s t ,  and t h e  s i m i l a r i t y  t o  t h e  A 1  + Y system may be observed by comparing 
previous F igu re  19. The primary d i f f u s e d  o u t e r  l a y e r  was about 5  m i l s  
(0.1270 mm) t h i c k ,  dense,  and i n t e g r a l  wi th  t he  i n t e rmed ia t e  d i f f u s i o n  zone 
of t h e  s u b s t r a t e .  Although t h e  coa t ing  a l s o  exhib i ted  t h e  same f i n e  c r acks  
a l l  around t h e  specimen per imeter ,  they showed no evidence of ox ida t ion .  I t  
i s  concluded ( a s  i n  System 3) t h a t  t h e  c racks  i n i t i a t e  i n t e r n a l l y  and pro- 
pagate  when t h e  meta l lographic  specimen i s  c u t .  Close examination of t h e  
c r acks  r e v e a l s  t h a t  they  propagate through c e r t a i n  phase p a r t i c l e s  which 
appear wi th  dark o u t l i n e s ,  causing them t o  f r a c t u r e  i n  t h e  c rack  path.  
The phase which i s  more g lobular  and without an o u t l i n e ,  probably N i 3 A 1 ,  
appears  t o  f avo r  propagat ion around i ts  boundary. 
F igure  29 i l l u s t r a t e s  a  b a l l i s t i c a l l y - i m p a c t e d  specimen a f t e r  ox ida t ion .  
Th i s  specimen had been impacted a t  room temperature  and a s  prev ious ly  r epo r t ed ,  
was badly s p a l l e d  and then oxidized a t  t h e  impact s i t e .  The elevated-temperature  
impacted specimen was not  badly spa l l ed  but  su f f e r ed  damage and subsequent oxi- 
d a t i o n  on t h e  impact sur face .  
F igure  30 shows t h e  microprobe EBS and ind iv idua l  element scans of an 
aluminided specimen a f t e r  t h e  200-hour s t a t i c  ox ida t ion  a t  2000°P ( 1 3 6 7 ' ~ ) -  
Again, t h e  s i m i l a r i t y  t o  System 3 i s  ev ident .  Deep secondary d i f f u s i o n  of 
A l  is  ev iden t  t o  n e a r l y  twice  t h e  c o a t i n g  l a y e r  th ickness .  The microprobe 
t r a c e  of k l  i n  F igu re  31 r e v e a l s  a l e v e l  of 16% A 1  i n  t h e  primary coa t ing  
l a y e r  and t h e  presence of N i 3 A L ,  Also shown i s  a spiked i n t e r d i f f u s i o n  zone 
and t h e n  a  level s u b s t r a t e  concent ra t ion  of 5-6%, Ni i s  seen t o  be a t  64-65% 




Distance from Surface, Mils (mm) 
"Intensity Ratio Bases 
Ni - NASAITRW VI-A alloy 
Ta - NASAITRW VI-A alloy 
A1 - NASA/TRW VI-A alloy 
and pure metal 
Figure  26. Microprobe Traces  of Ta + A 1  Me ta l l i de  System Af t e r  200 Hours 
S t a t i c  Oxidat ion a t  2000°F (1367OK) (E4689). 
Figure 2 7 .  Aluminum Metallided System After 200 Hours Static Oxidation at 
2000°F (1367OK) (C70052713, 10X). 
Figure  28. Aluminum Meta l l ided  System on NASA/TRW VI-A A f t e r  200 Hours 
S t a t i c  Oxidat ion a t  2000°F (1367OK) (F 6006, 500X, Unedehed), 
A. Impacted Surface 
B. Surface Opposite Impact 
Figure 29. Room Temperature Ballistically-Impacted Aluminum Metallided 
System After 200 Hours Static Oxidation at 2000°F (1367OK) 
(C70052715 Lower, C70052716 Upper, 10x1. 









Distance from Surface, Mils (mm) 
*Intensity Ratio Bases 
Ni - NASA/TRW VI-A alloy 
A1 - NASA/TRW VI-A alloy 
and pure metal 
Figure  31. Microprobe Trace of A 1  Meta l l ided  System on NASA/TRW VI-A After 
200 Hours S t a t i c  Oxidat ion a t  2000°F (1367OK) (E 4701). 
i n t e r d i f f u s i o n  zone shows depress ions  of N i  which e f f e c t  is  a l s o  apparent  
as Ni-lean a r e a s  i n  t h e  N i  EBS scan. 
EBS scans  of t h e  p r i n c i p a l  elements show t h e s e  phases concent ra ted  i n  
t h e  i n t e rmed ia t e  zone t o  be t h e  Ta-Ti and Ta-W s o l i d  s o l u t i o n  compounds. 
These phases a r e  a l s o  presen t  i n  t h e  primary d i f f u s e d  c o a t i n g  zone. Co and 
Cr appear uniformly d i s t r i b u t e d  except f o r  t h e  outermost Al-r ich l aye r .  Mo 
sho.bvs a concen t r a t i on  i n  t h e  i n t e rmed ia t e  l a y e r  and s p a r s e  but f a i r l y  uniform 
d i s t r i b u t i o n  i n  t h e  primary coa t ing .  
3 ,s  DYMMIC OXIDATION TESTS 
3,5,1 Tes t  Procedure 
Dynamic ox ida t ion  t e s t s  were performed i n  a  na tura l -gas- f i red  flame 
tunne l  f a c i l i t y  having a  gas  v e l o c i t y  of 0.05 Mach a t  2000°F (1367 '~) .  The 
t e s t  sequence was a s  fol lows:  
8, Accumulate 100 hours a t  2000°F (1367OK) w i t h  a  thermal  c y c l e  by 
a i r - b l a s t  quenching t o  black hea t  f o r  3  minutes every  hour and 
weigh a f t e r  every 20 cyc les .  
2,  Accumulate 900 a d d i t i o n a l  hours u n l e s s  coa t ing  f a i l u r e  occurs  
f i r s t  a t  2000°F (1367OK) wi th  thermal-cycle quenching every hour 
and weigh a f t e r  every 100 cyc les .  
Two specimens of each of t h e  coa t ings  Mn + C r ,  A 1  + Y ,  Ta + A 1  ( a l l  on NASA/ 
W R  V I - A )  and OODEP on IN-100 were t e s t e d  a s  shown i n  Table  X I .  The average 
weight change d a t a  a r e  p l o t t e d  i n  F igure  32. 
Table  X I .  2 0 0 0 ° ~  (1367OK) Dynamic Oxidat ion Tes t  Resu l t s .  
T o t a l  Tes t  T o t a l  Weight 
System Meta l l i de  No. Time, h r s  Change, mg/cm2 
7 )  WDEP on - 
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Two specimens of t h e  Mn + C r  coa t ing  were t e s t e d  as-coated and f a i l e d  
by  exces s ive  s p a l l i n g  w i th in  20 hours a t  200Q°F (1367OK). These specimens 
had not  rece ived  t h e  1-hour, 2200°F (147g°K) pos tcoa t ing  vacuum hea t  t r e a t -  
ment* Two a d d i t i o n a l  specimens were then  t e s t e d  a f t e r  hea t  t r ea tmen t ,  but  
they  a l s o  f a i l e d  w i th in  20 cyc l e s .  The specimens were s i m i l a r  i n  appearance 
t o  t h e  s t a t i c a l l y - t e s t e d  group descr ibed  prev ious ly  i n  S e c t i o n  3.4.2 ( s t a t i c  
ox ida t ion  t e s t i n g ) .  
F igure  33 shows a  t y p i c a l  meta l lographic  s e c t i o n  of t h e  system a f t e r  
t e s t ,  The genera l  s t r u c t u r e  c o n s i s t s  of t h e  primary d i f f u s e d  coa t ing  l a y e r  
and the i n t e rmed ia t e  d i f f u s i o n  l a y e r  on t h e  NASA/TRW V I - A  s u b s t r a t e .  
F igure  34 i s  t h e  microprobe EBS scans of t h e  i nd iv idua l  me ta l l i ded  and major 
s u b s t r a t e  elements.  Mn i s  i n  very  low concen t r a t i on  and Cr i n  h igh  concen- 
t r a t i o n ,  s i m i l a r  t o  t h e  d i s t r i b u t i o n  shown f o r  t h e  s t a t i c  ox ida t ion  specimen 
X-ray d i f f r a c t i o n  revea led  t h e  presence of hexagonal Cr2O3 and cubic  Mn304. 
The oxides  were no t  i n  s p i n e l  form, based on observed "d" spacings.  
The N i  scan r e v e a l s  l e an  a r e a s  which appear t o  be Cr- r ich  p a r t i c l e s  i n  
t h e  v n t e m e d i a t e  l aye r .  Nei ther  Ta- nor  W-rich phases were d e t e c t e d ;  
a l though,  T i - r i ch  phases a r e  presen t .  Th i s  i s  unusual based on o t h e r  
scans which have shown Ta-Ti and Ta-W s o l i d  s o l u t i o n  phases.  
Two specimens were t e s t e d  i n  dynamic ox ida t ion  a s  i nd i ca t ed  i n  Table  X I I .  
The r e s u l t s  were shown i n  F igure  32. Weight change p a t t e r n s  were s i m i l a r  t o  
t hose  f o r  t h e  s t a t i c  ox ida t ion  specimens, showing an i n i t i a l  weight ga in  a s  
t h e  s u r f a c e  Y ox id ized ,  and then  a  weight l o s s  w i t h i n  100 hours.  S t a b i l i t y  
was i nd i ca t ed  up t o  400 hours and then  weight l o s s  began aga in .  
F igure  35 i l l u s t r a t e s  t h e  genera l  mic ros t ruc tu re ;  t h e  corresponding 
e l e c t r o n  microprobe scan photos a r e  shown i n  F igu re  36. The s t r u c t u r e  i s  
cha rac t e r i zed  by s u r f a c e  ox ida t ion  wi th  no a r e a s  of g ros s  pene t r a t i on .  
These were coa t ing  c r acks  a s  before ,  but  fewer than  observed i n  t h e  s t a t i c  
ox ida t ion  specimen, and none of t h e  c r acks  was oxidized.  Poss ib ly  t h e  
longer  exposure t i m e  a t  2000°F (1367OK) rendered t h e  coa t ing  less r e s i s t i v e  
t o  i n t e r n a l  stress. 
The meta l lographic  s t r u c t u r e  d i s p l a y s  t h e  "white", Al-depleted gamma 
phase of t h e  N i - A 1  system and t h e  da rke r  N i - A 1  phase i n  t h e  primary d i f f u s i o n  
zone, The secondary o r  i n t e r d i f f u s i o n  zone con ta in s  enr iched  phases of Ta-Ti, 
Ta-W, and M o - W  s o l i d  s o l u t i o n s .  X-ray d i f f r a c t i o n  a n a l y s i s  showed t r i g o n a l  
a - A 1 2 0 3  a s  t h e  dominant su r f ace  phase. No Y p a t t e r n s  o r  mixed oxides  were 
ev iden t ,  
The weight change d a t a  f o r  specimens of t h i s  system were contained i n  
F igure  32. Af t e r  an i n i t i a l  weight ga in ,  t h e  specimens underwent a  gradual  
Figure  33. Mn + Cr Meta l l i de  System on NASA/TRW VI-A 
A f t e r  20 Hours Dynamic Oxidat ion a t  2000°F 




Figure  35. A 1  + Y Meta l l ided  System on NASA/TRW VI-A 
A f t e r  600 Hours Dynamic Oxidat ion a t  2000°F 
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weight l o s s  during the  600-hour exposure. This was a con t ras t  t o  t h e  spa l l ing  
and rapid weight change occasioned by t h e  s t a t i c  oxidat ion t e s t s .  Figure 37 
i s  a composite photomicrograph t o  show t h e  deep i n t e r d i f f u s i o n  of t h e  medal- 
l ided  elements. The coat ing  contained f i n e  nonoxidized cracks a f t e r  metal- 
lographic preparation. 
Figure 38 i s  the  microprobe EBS individual  element scans. There a re  
four d i s t i n c t  compositional bands i n  t h i s  s t ruc tu re :  
(1) The ou te r  o r  surface  layer  
(2).  a primary d i f fus ion  zone 
(3) a secondary d i f fus ion  zone 
(4) an i n t e r d i f f u s i o n  zone adjacent  t o  the  s u b s t r a t e  
Enrichment of Ta and A 1  is  seen i n  t h e  surface  oxide layer .  The outer  l aye r  
a l s o  conta ins  a l l  t he  major s u b s t r a t e  elements. W appears i n  i d e n t i c a l  sur- 
f ace  concentrat ion a s  t h e  Ta. The Ta, W ,  and T i  a r e  present  i n  i d e n t i c a l  
phase pa t t e rns  i n  t h e  deep in te rd i f fused  zone, but T i  i s  more enriched i n  
the  secondary d i f f u s i o n  zone than t h e  Ta o r  W. 
The secondary zone shows A 1  enrichment and appears t o  be N i A l ,  while 
t h e  white phase i n  t h e  primary d i f fus ion  zone, depleted of A l ,  appears t o  
be gamma phase. 
C r  e x h i b i t s  gradients  not apparent i n  t h e  o the r  systems. I t  i s  present 
i n  t h e  primary l aye r  but i s  more concentrated i n  t h e  secondary l aye r ,  Cr 
appears t o  occupy t h e  network of in tergranular  phases i n  the  secondary l aye r ,  
An even higher concentrat ion of C r  i s  shown i n  t h e  i n t e r d i f f u s i o n  zone. Ida 
was present  i n  a l l  t h e  d i f f u s i o n  l aye r s  but was concentrated a s  d i s c r e t e  
phase i n  t h e  i n t e r d i f f u s i o n  zone, X-ray d i f f r a c t i o n  a n a l y s i s  of t h e  surface  
phases indica ted  a predominance of t r i g o n a l  a-A1203. Minor ind ica t ions  of a 
poss ib le  TaO phase were revealed,  No mixed oxides were indica ted .  
3.5.5 CODEP- Coat ed IN- 100 
The CODE. C-2 processed specimens exhibi ted r e l a t i v e l y  good s t a b i l i t y  
through 550 thermal cycles  then underwent a sharp l o s s  a t  t h e  f i n a l  weighing, 
a s  was shown i n  Figure 32. The metallographic appearance of t h e  coat ing  a f t e r  
t e s t  i s  shown i n  Figure 39, and t h e  e l ec t ron  microprobe EBS and individual  
element scans a r e  shown i n  Figure 40. 
Aluminum i s  shown t o  be concentrated i n  the  outer  oxide l aye r ,  a l s o  a 
concentrat ion of C r  e x i s t s  i n  a l aye r  immediately below t h e  A1203. The 
I t  
white" phase i n  t h e  photomicrograph i s  c h a r a c t e r i s t i c  of gamma N i A P .  T i  
and Mo a r e  shown a s  enriched inden t i ca l  phases and i n  concentrat ion i n  t h e  
dark phase band separa t ing  t h e  white layer .  The darker lowest d i f fus ion  
band appears t o  have C r  and Mo concentrat ions and t o  be low i n  Ti .  The 
white a reas  of the  microstructures a r e  r i c h  i n  T i  and low i n  Mo and Cr, 
Figure  37.  Ta + A 1  Meta l l ided  Systems on NASA/TRW 
VI-A A f t e r  600 Hours Dynamic Oxidat ion 
a t  2000°F (1367OK) (F 6020, F 6021, 
500X, TRW Etch ) .  


Gamma' Dark Phase 
Gamma White Phase 
F igu re  39. General E l e c t r i c  CODEP C-2 Pack-Type 
Aluminized Coat ing on IN-100 Al loy  Af t e r  
600 Hours Dynamic Oxidat ion a t  2000°F 




Furthermore, T i  appears a s  p a r t i c l e s  i n  the  A 1  0 l aye r ,  a s  the  r e s u l t  of 2 3 Ti02 p a r t i c l e s  i n  the  o r i g i n a l  coat ing.  X-ray diffraction confirmed the  
presence of a - A 1  0 and r u t i l e  TiQ2. N i  and Co a r e  present  through t h e  2 3 
s t r u c t u r e  except f o r  the  oxide Layer and t h e  Mo-Ti phase areas .  
4.0  DISCUSSION 
The progress ion  from single-element  m e t a l l i d i n g  t o  dual-element 
me ta l l i d ing  has  proved t o  be more complicated than a n t i c i p a t e d .  Three 
typies of problems appeared f o r  two element processes:  (1) t h e  formation 
of l o w  mel t ing  phases by t h r e e  o r  more elements a l l o y i n g  i n  the  su r f ace  
reg ion ,  ( 2 )  r e a c t i o n  wi th  t h e  ba th  of t he  f i r s t  element depos i ted  dur ing  
m e t a l l i d i n g  of t h e  second element ,  and (3)  s o l i d  s t a t e  d i f f u s i o n  r e a c t i o n s  
t h a t  prevented formation of t he  t a r g e t  coa t ing  chemistry o r  s t r u c t u r e .  
These have combined t o  l i m i t  t h e  number of c o a t i n g  systems t h a t  were good 
enough t o  t e s t .  
The formation of a  low mel t ing  phase was c l e a r l y  r e spons ib l e  f o r  t h e  
f a i l u r e  of t h e  Y + Z r  system. A N i - Z r  e u t e c t i c ,  i n  equ i l i b r ium a t  1760°F 
(1235'~)~ may have been found i n  t h e  d i f f u s e d  coa t ing  and had i t s  e u t e c t i c  
temperature  depressed by a l l o y i n g  from o t h e r  NASA/TRW V I - A  i n g r e d i e n t s  t o  
form t he  observed molten s t a t e  i n  t h e  y t t r i d i n g  process .  The s t a t e  of t h e  
a r t  does no t  ye t  allow before-hand p red i c t i on  of when mel t ing  w i l l  occur  a t  
ba th  temperatures .  
Attempts t o  depos i t  y t t r i um f i r s t  i n v a r i a b l y  produced r e a c t i o n s  between 
t h e  depos i ted  y t t r i um l a y e r  and t h e  subsequent f l u o r i d e  ba ths  f o r  chromiding 
and aluminiding. The high a f f i n i t y  of Y f o r  F and perhaps t h e  formation of 
UFCJ i n  t h e  ba th  a r e  t o  be expected on the  b a s i s  of t he  very low f r e e  energy 
of formation of YF3. By r eve r s ing  t h e  o rde r  of m e t a l l i d i n g ,  t h a t  i s  by 
depos i t i ng  C r  o r  A l  f i r s t  and then  Y ,  a  two-element c o a t i n g  could be produced. 
I n  t he  case  of t h e  Mn + C r  system, t h e  l o s s  of Mn i n  t h e  chromiding s t e p ,  a s  
measured by weight changes and probe ana lyses ,  demonstrated a  r e a c t i o n  o r  
d i s s o l u t i o n  of t h e  Mn depos i t  w i th  t h e  bath.  A s  a  r e s u l t ,  t h e  d e s i r e d  Mn 
l e v e l  of 1% and C r  l e v e l  of 10-25% could not  be achieved. 
The complexity of d i f f u s i o n  r e a c t i o n s  due t o  t he  presence of s o  many 
elements ,  from both t h e  two coa t ing  meta l s  and the  a l l o y  i n g r e d i e n t s  of NASA/ 
TRW V I - A ,  a l s o  had r ami f i ca t i ons .  I n  t h e  Mn + C r  system po ros i t y  developed, 
probably a s  a  r e s u l t  of Ki rkendal l  e f f e c t s .  Also,  the  inward d i f f u s i o n  of 
l a r g e  amounts of C r  produced new phases wi th  N i  and probably w i th  Ta (and 
may a l s o  have changed t h e  s o l u b i l i t y  of o t h e r  base a l l o y  elements ,  e . g . ,  Al) 
s o  a s  t o  a l t e r  i t s  d i s t r i b u t i o n .  The s o l u b i l i t y  e f f e c t  i s  t y p i c a l  of most 
dif:Pusion type  coa t ings .  The d i f f u s i o n  pene t r a t i on  of Y i n t o  aluminided 
base a l l o y  seems t o  have been r e s t r i c t e d ,  a s  was t h e  d i f f u s i o n  pene t r a t i on  
of Al i n t o  t h e  t a n t a l i d e d  base a l l o y .  Very h igh  Ta compositions were reached 
i n  some p a r t s  of t h e  c o a t i n g ,  l e ad ing  one t o  cons ider  t h a t  thermal  expansion 
mismatch of t h e  l a y e r s  may have con t r ibu t ed  t o  t he  s p a l l i n g  t h a t  occurred i n  
c y c l i c  ox ida t ion  exposure.  Thus, a t ta inment  of de s i r ed  chemical d i s t r i b u t i o n s  
and s t r u c t u r e s  from coa t ing  processes  a lone a l r eady  appear t o  bea r  some of 
t h e  l i m i t i n g  f e a t u r e s  t h a t  were r e f l e c t e d  i n  poor impact and ox ida t ion  
behavior ,  
The degrading e f f e c t s  of ox ida t ion  exposure a t  2 0 0 0 ' ~  (1367 '~)  produced 
f u r t h e r  changes i n  t h e  coa t ings  by l o s s  of s c a l e  and by s o l i d  s t a t e  d i f f u s i o n .  
The Mn + Cr system f a i l e d  t o  develop a  s t a b l e ,  r e s i s t i v e  s p i n e l  ox ide ,  and 
t h e  t e s t  samples l o s t  weight quickly.  The A 1  + Y system gained weight 
r a p i d l y  a s  an oxide g l aze  formed. When t h e  g l aze  d i sappeared ,  t h e  U a l s o  
was absent  i n  probe scans ,  and then  some p r o t e c t i o n  r e s u l t e d  from what 
e v i d e n t l y  was a  N i - A 1  system coa t ing .  I n  s t a t i c  ox ida t ion ,  t h e  Ta + A l  
s p a l l e d  badly. This  t e s t  used s t r o n g  a i r - b l a s t  cool ing  t o  room temperature ,  
and thermal s t r a i n s  were probably severe .  Also,  a s  no ted ,  a  thermal expansion 
mismatch among coa t ing  l a y e r s  may have e x i s t e d .  I n  dynamic t e s t s ,  thermal 
cyc l e s  were more g e n t l e ,  and s p a l l i n g  d i d  not  occur.  I t  permit ted deep 
pene t r a t i on  of Ta and A 1  by d i f f u s i o n  and o f f e r e d  p r o t e c t i o n  by what 
b a s i c a l l y  appears  a s  a  N i - A 1  system coa t ing  wi th  contained a l l o y  phases.  
The A 1  + Y ,  Ta + A l ,  A 1  and CODEP coa t ings  o r i g i n a l l y  were, o r  reached 
a  s t a g e  where t hey  behaved a s ,  N i - A 1  system coa t ings .  The longes t  su rv ivo r s  
i n  ox ida t ion  t e s t s  were e s s e n t i a l l y  those coated o r i g i n a l l y  wi th  a  p l a i n  
N i - A 1  system. Consequently,  t h i s  e x p l o r a t i o n  of dual-coat ing systems d i d  
no t  produce any improvement over  aluminide s t a t e -o f - the -a r t  coa t ings .  
5.0 SUMMARY OF FCES ULTS 
Five sequentially-deposited dual-element coating systems were selected 
f o r  metalliding parameter development and oxidation testing at 2000°~ (1367'~). 
The initially-chosen systems plus a sixth, added when others were unsuccessful, 
are listed in Table X I I .  
Table X I I .  Metalliding Systems and Process Results. 




First 1 Second Metalliding Results 
Feasible. Specimens prepared for 
oxidation test. 
Discontinued. Highly-active Y 
driven off during chromiding. 
Discontinued due to Y loss during 
aluminiding, See System 3b below. 
Feasible. Specimens prepared for 
oxidation test. 
I Ta I Feasible. Oxidation tested 
Discontinued. Zr addition too 
slow. 
6 I --- I Feasible. Oxidation tested. 
Successfully-metallided coatings were subjected to ballistic-impact 
adherence at room temperature and 1900°F (1310'~). Only the Mn + Cr system 
did not exhibit spalling at room temperature. None exhibited spalling at 
elevated temperature. However, during subsequent oxidation, all impacted 
specimens developed oxidation attack and spalling on the back side of the 
impact side. 
Systems 1, 3, 4, and 6 were evaluated for 200 hours in static air 
furnace oxidation at 2000'~ (1367OK), including thermal cycles to room 
temperature every two hours except for 16-hour holds overnight after the 
first 24 hours of testing. Results are plotted in Figure 41. The Mn + Cr 
and Ta -I- Al systems failed rapidly by spalling. The A1 + Y system exhibited 
far better stabilization after initially shedding the oxidized Y layer. The 
A1-metallided system was the most stable, showing only small weight losses 
during the 200-hour exposure. 

Systems 1, 3 ,  and 4 were a l s o  eva lua ted  f o r  600 hours i n  dynamic flame 
tunnel ox ida t ion  (Mach 0.05) a t  2 0 0 0 ' ~  (1367 '~ ) .  Specimens were thermal  
eyclied every hour ,  but were on ly  cooled t o  1 0 0 0 ' ~  (811°K) each hour ,  which 
s i g n i f i c a n t l y  minimized s p a l l i n g .  The r e s u l t s  a r e  shown i n  F igure  42. The 
-+ Cr system aga in  f a i l e d  r ap id ly .  However, i n  c o n t r a s t  t o  t h e  s t a t i c  
ox ida t ion  r e s u l t s ,  Ta + A 1  exh ib i t ed  a  gradual  but p e r s i s t e n t  weight l o s s .  
The A9 + Y system demonstrated t h e  same s t a b i l i z a t i o n  p a t t e r n  a f t e r  l o s i n g  
t h e  U a s  i n  s t a t i c  ox ida t ion ,  bu t  ( a f t e r  about 400 hours) aga in  underwent a  
s t e a d y  weight l o s s .  
CODEP coa t ing  on IN-100, introduced a s  a  s t anda rd ,  showed good s t a b i l i t y  
t o  n e a r l y  600 hours and then  f a i l e d  r ap id ly .  
S p a l l i n g  of t h e  Mn + C r  and Ta + A 1  systems precluded meaningful p o s t t e s t  
ana lyses .  The primary aluminided l a y e r  of t h e  A 1  + Y and t h e  A 1  systems 
showed t h e  presence of an aluminided-depleted gamma phase which accompanies 
coa t ing  f a i l u r e .  The Y l a y e r  d i d  no t  i n t e r a c t  t o  s t a b i l i z e  t h e  A 1  + Y 
system. 
Although t h e  m e t a l l i d i n g  of TRW VI-A a l l o y  wi th  c e r t a i n  duplex-element 
systems was f e a s i b l e ,  ou ts tanding  ox ida t ion  p r o t e c t i o n  was no t  achieved. 
Addi t iona l  s tudy  would be r equ i r ed  t o  determine t h e  b e n e f i t  of pos t coa t ing  
hea t  t rea tments  and composi t ional  v a r i a t i o n s  f o r  ach iev ing  t h e  pos tu l a t ed  
s p i n e l  and s t a b i l i z e d  su r f ace  a l l o y s  f o r  t h e  des i r ed  ox ida t ion  r e s i s t a n c e .  

